hronic myeloid leukemia (cml) was probably the first form of leukemia to be recognized as a distinct entity. In 1845, two patients were described as having massive splenomegaly associated with leukocytosis, 1 which seemed to be a novel entity not explained by the other causes of splenomegaly, such as tuberculosis, that were already widely accepted in the 1840s. The first important clue to its pathogenesis came only very much later, when in 1960 newly developed techniques for studying human cells in mitosis allowed Nowell and Hungerford to detect a consistent chromosomal abnormality, 2 later termed the Philadelphia (Ph 1 , or just Ph) chromosome and identified as 22q¡, in persons with this disease. In 1973, Rowley observed that the Ph chromosome resulted from a reciprocal translocation that also involved chromosome 9; the abnormality is now designated t(9;22)(q34;q11). 3 In the 1980s, the Ph chromosome was shown to carry a unique fusion gene, termed BCR-ABL, 4 the generation of which is now believed to be the principal cause of the chronic phase of CML.
Until the 1980s, CML was regarded as incurable and thus inexorably fatal. We know now that selected patients can be treated, and in many cases cured, by allogeneic stemcell transplantation. However, efforts to extend this form of treatment to all patients with CML have been thwarted by the lack of suitable donors and the increased incidence of potentially lethal graft-versus-host disease (GVHD) in older recipients. The recent introduction into clinical practice of a tyrosine kinase inhibitor that specifically blocks the enzymatic action of the BCR-ABL fusion protein promises to be a major contribution to the management of CML and may also prove to be the lead agent that ushers in an era of success with molecularly targeted therapy for other leukemias, lymphomas, and cancers.
The evolving story of CML and modern views on its biology and treatment have been reviewed in the Journal and elsewhere in recent years. [5] [6] [7] [8] Here, we briefly summarize recent advances in knowledge related to the pathogenesis of CML and indicate where these may have important therapeutic implications.
It is generally believed that CML develops when a single, pluripotential, hematopoietic stem cell acquires a Ph chromosome carrying the BCR-ABL fusion gene, which confers on its progeny a proliferative advantage over normal hematopoietic elements and thus allows the Ph-positive clone gradually to displace residual normal hematopoiesis. 9, 10 The evidence for this hypothesis derives in part from the consistency of the molecular abnormality in any given patient, but the mechanism by which the molecular and cytogenetic changes occur remains enigmatic. Similarly, the molecular basis of the apparent proliferative advantage is not well defined, but it may relate in part to constitutive expression by leukemic progenitors of growth-stimulating factors, notably interleukin-3 and granulocyte colony-stimulating factor. 11, 12 Moreover, CML cells seem to survive longer than their normal counterparts, as a result of a defective apoptotic response to stimuli that would otherwise lead to physiologic cell death. 13 Whatever the primary mechanism of the disease, it is clear that the myeloid mass is greatly increased in patients with newly diagnosed disease, owing to an expansion of mature elements, as well as to increased numbers of progenitor cells and putative stem cells. 10 The latter probably include a population of leukemic cells that are "deeply quiescent" and that may thus be relatively resistant to standard chemotherapy. 14 Until the 1980s, there was uncertainty as to whether substantial numbers of normal stem cells were still present in the bone marrow (or elsewhere) in patients with a new diagnosis of CML. However, several findings -the demonstration of the presence of Ph-negative progenitors in myeloidcell cultures, 15 the observation that Ph-negative progenitor cells can be identified in the blood after high-dose chemotherapy, 16 and the ability of interferon alfa to induce Ph-negativity in the marrowall constitute persuasive circumstantial evidence that the Ph-positive clone displaces normal hematopoiesis but does not destroy residual normal stem cells. The final proof comes from the observation that imatinib mesylate, a new, ABL-specific tyrosine kinase inhibitor (formerly called STI571 and marketed under the name Gleevec in the United States and Glivec in Europe), can induce complete or nearly complete cytogenetic remissions in up to 80 percent of patients. 17, 18 It is reasonably certain that the majority of patients who survive allogeneic stem-cell transplantation and who appear to be free of disease five years after the procedure can be regarded as cured, 19 but the definition and mechanism of "cure" remain controversial. In other words, cure might theoretically require the total eradication of all leukemia cells from a patient's body, but alternatively, an operational definition of cure might apply if low numbers of leukemia cells persisted but were unable to reestablish clinical disease. Such symbiosis of low numbers of leukemia cells with normal cells could, for example, be due to the continuing action of a graft-versus-leukemia effect after allogeneic stemcell transplantation. 20 Currently, the reverse-transcriptase polymerase chain reaction (RT-PCR) is the most sensitive method for detecting low numbers of BCR-ABL transcripts in a patient after apparently successful stem-cell transplantation. 21 In practice, the results may be difficult to interpret because even if the test is negative, there may still be a million or more residual Ph-positive cells in the body; in other cases, the test may be persistently positive at a low level for many years. Moreover, it has been suggested that some residual Ph-positive cells may be "transcriptionally silent" and thus not detectable by conventional RT-PCR techniques, 22 although this idea has been disputed. 23, 24 Finally, interpretation of RT-PCR results might theoretically be confounded by the fact that BCR-ABL transcripts can be detected at a very low level in the blood of many normal persons, the majority of whom will never have CML. 25, 26 The mechanism by which the Ph chromosome is first formed and the time required for progression to overt disease are unknown. Radiation may play a role in some cases, since persons exposed to highdose irradiation have a significantly increased risk of leukemia, 27 and high-dose irradiation of myeloid cell lines in vitro induces the expression of BCR-ABL transcripts indistinguishable from those that characterize CML. 28 It has also been proposed that the close proximity of the BCR and ABL genes in hematopoietic cells in interphase may favor translocations between the two genes. 29 Very recently, a 76-kb duplicon (a two-copy DNA repeat sequence) was identified on chromosome 9 near the ABL gene and on chromosome 22 near the BCR gene; it may be implicated in the translocation, but the mechanism is purely speculative. 30 The BCR-ABL gene on the Ph chromosome is, of course, expressed in all patients with CML, but the ABL-BCR gene on the 9q+ derivative is expressed in only 70 percent of cases. 31 Of great interest are the recent observations that about 20 percent of patients with CML have deletions of chromosomal material of varying size on the derivative 9q+ and that patients who have such deletions have significantly shorter survival than those who do not. 32, 33 These deletions presumably occur at the same time as the formation of the Ph chromosome, and their recognition will probably prove important in predicting survival for individual patients. Nonexpression of the ABL-BCR gene, which is always included in the deleted region, does not by itself have the same ominous prognostic implication. 34 Thus, the identification of the precise gene or genes on 9q+, the deletion of which adversely influences prognosis in CML, would be an important achievement.
It is generally believed that the Ph-positive clone has an increased susceptibility to additional moleccytogenetics ular changes that underlie disease progression. If so, the nonrandom cytogenetic changes identified in 60 to 80 percent of patients with disease in blastic transformation 35 -notably +8, +Ph, +19, and i(17)q -should provide some clues as to the activation of oncogenes (other than BCR-ABL ) or the deletion of tumor-suppressor genes in the transformation from chronic to advanced phase disease. However, in only a minority of cases has the transformation actually been linked to mutations, deletions, or altered expression of known genes, notably p53, 36 p16, 37 Rb, 38 and EVI-1 . 39 In general, no specific pattern can be discerned. All in all, it seems likely that a variety of molecular mechanisms, rather than a single gene defect, underlies the arrest of maturation that occurs in a subclone of Ph-positive cells and manifests itself in the blastic phase of the disease. The advent of powerful microarray techniques that permit comparisons of gene-expression profiles should help to identify the genes involved in this transformation.
Although the majority of patients with a leukemia that appears on morphologic grounds to be CML prove to have a Ph chromosome and a classic BCR-ABL fusion gene, some do not. About one third of the patients with CML who appear to have normal karyotypes actually have a cytogenetically occult BCR-ABL gene, usually located on a normal-appearing chromosome 22 but very occasionally on chromosome 9. 40 In the remaining patients, in whom the disease is described as Ph-negative, BCR-ABLnegative, the leukemia has no known molecular basis. There is also a very small group of patients with a form of chronic leukemia superficially resembling classic CML who have consistent cytogenetic aberrations (in most cases, translocations) other than the Ph chromosome ( Table 1 ). The commonest non-Ph translocations are t(5;12)(q33;p13) 41 and t(8;13) (p11;q12). 42 Both translocations generate fusion genes, one component of which is a gene that encodes a receptor tyrosine kinase -namely, platelet-derived growth factor receptor b in t(5;12) and fibroblast growth factor receptor 1 in t(8;13). Functional studies performed with these fusion genes suggest that they cause a chronic myeloid leukemia by signaling pathways that closely parallel the pathways activated by the BCR-ABL oncoprotein. [43] [44] [45] The idea that CML, like other cancers, may be the result of a multistep pathogenetic process was first broached more than 20 years ago, 46 but there is still very little evidence of any acquired molecular abnormalities preceding the t(9;22) translocation. Instead, it seems more likely that the generation of a classic BCR-ABL fusion gene in a specific type of cell (namely, a pluripotential hematopoietic stem cell), possibly under conditions of reduced immunologic surveillance, is sufficient to initiate the expansion of a hematopoietic clone that leads to CML. The proposition that the acquisition of a BCR-ABL fusion gene is the first step in the genesis of CML is supported by murine models in which a CML-like disease has been produced by transfecting stem cells with a BCR-ABL gene [47] [48] [49] ; however, once established, the tempo or aggressiveness of the chronic phase disease varies from patient to patient and thus must be influenced by other factors.
The classic BCR-ABL gene of CML results from the fusion of parts of two normal genes: the ABL molecular events * CML denotes chronic myeloid leukemia, FGFR1 fibroblast growth factor receptor 1, PDGFRA platelet-derived growth factor receptor a , ZNF198 zinc finger protein 198, FOP FGFR1 oncogene partner, CEP110 centrosome-associated protein 110, HERV-K human endogenous retrovirus protein (K family), TEL translocation E26 transforming-specific leukemia protein, PDGFRB plateletderived growth factor receptor b , HIP1 Huntingtin interacting protein 1, RAB5 rabaptin-5, H4 histone-4, JAK2 Janus kinase 2, and FIP1L1 FIP1-like 1. gene on chromosome 9 and the BCR gene on chromosome 22. Both genes are ubiquitously expressed in normal tissues, but their precise functions are not well defined. In the translocation that forms the fusion gene, a break occurs in ABL somewhere upstream of exon a2, and simultaneously a break occurs in the major breakpoint cluster region of the BCR gene. As a result, a 5' portion of BCR and a 3' portion of ABL are juxtaposed on a shortened chromosome 22 (the derivative 22q¡, or Ph, chromosome) ( Fig. 1) . The messenger RNA (mRNA) molecules transcribed from this hybrid gene usually contain one of two BCR-ABL junctions, designated e13a2 (formerly b2a2) and e14a2 (or b3a2). There is no evidence that the type of junction has any prognostic significance. Both BCR-ABL mRNA molecules are translated into an 210-kD oncoprotein, usually referred to as p210 BCR-ABL . Other variant breakpoints and fusions can give rise to full-length, functionally oncogenic BCR-ABL proteins, notably p190 BCR-ABL (associated with an e1a2 mRNA junction) and p230 BCR-ABL (associated with an e19a2 mRNA junction), 50 but they are rather rare in classic CML. 51, 52 The leukemogenic potential of p210 BCR-ABL resides in the fact that the normally regulated tyrosine kinase activity of the ABL protein is constitutively activated by the juxtaposition of alien BCR sequences (Fig. 2) . BCR acts by promoting dimerization of the oncoprotein, such that the two adjacent BCR-ABL molecules phosphorylate each other on tyrosine residues in their kinase-activation loops. 56, 57 The uncontrolled kinase activity of BCR-ABL then usurps the physiologic functions of the normal ABL enzyme by interacting with a variety of effector pro- teins, the net result of which is deregulated cellular proliferation, decreased adherence of leukemia cells to the bone marrow stroma, and a reduced apoptotic response to mutagenic stimuli. Unfortunately, the relative contributions of these effects to the phenotype of chronic-phase CML is still poorly understood. 8 The structure of the BCR-ABL protein and the biochemical pathways in which it is involved have been extensively studied. 58 Knowledge of the roles of several functional domains derived from the parental BCR and ABL proteins allows one to test for certain properties of the fusion product ( Fig. 1 and   2 ). Thus, the tyrosine kinase encoded by the SRChomology 1 (SH1) domain of the ABL component of BCR-ABL is undoubtedly the most crucial for oncogenic transformation. Other important motifs in the ABL portion are the protein-interaction SRChomology 2 (SH2) and the C-terminal actin-binding domains. On the BCR moiety, the coiled-coil motif encoded by the first BCR exon is responsible for dimerization of the oncoprotein; a tyrosine at position 177 is crucial for the binding of adaptor proteins such as growth factor receptor-bound protein 2; and N-terminal phosphoserine and phosphothreonine residues are required for interaction The enzymatic (tyrosine kinase) activity of the normal ABL protein (p145 ABL ), encoded by its SRC-homology 1 (SH1) domain, is kept under tight control, probably by the intramolecular binding of an N-terminal cap region encompassed by the first exon (1b or 1a) and the first part of exon a2. 53 In the BCR-ABL fusion protein (p210 BCR-ABL ), lack of the ABL cap region and a dimerization domain encoded by the first exon of BCR are responsible for constitutive activation of the ABL SH1 domain, resulting in uncontrolled signal transduction and an abnormal cellular phenotype. The various functional domains of the ABL protein include the SRC-homology 3 and 2 regulatory domains (SH3 and SH2, respectively), the SH1 domain with its ATP-binding site, the nuclear-localization signal motif, the nuclear-export signal motif, the DNA-binding domain, and the G-actin and F-actin DNA-binding domains. The last two are important for the control of cytoskeletal organization, cell adherence, cell motility, and integrin receptor-mediated signal transduction. with SH2-containing proteins, including ABL itself. Numerous substrates have been found to bind to BCR-ABL and to be tyrosine-phosphorylated by it (Table 2 and Fig. 3) , and the list of substrates keeps increasing. Associations with tyrosine phosphatases such as protein tyrosine phosphatase B1 (PTPB1) and Syp have also been reported, but these phosphatases may in fact limit the kinase activity of BCR-ABL, an effect that would oppose other BCR-ABL leukemogenic forces. However, most interactions and activation processes have been studied only in cell lines in vitro and under conditions of forced (ectopic) overexpression. In most cases, therefore, their very existence in primary leukemic cells and their relevance to the CML phenotype in vivo remain uncertain.
One of the most striking differences between the normal ABL protein and BCR-ABL is in their contrasting subcellular locations. The ABL protein is found in both the nucleus and the cytoplasm and can shuttle between these two compartments under the influence of its nuclear-localization signal and nuclear-export signal domains, whereas BCR-ABL is exclusively cytoplasmic. Nuclear ABL is an essentially proapoptotic protein, playing a key part in the cellular response to genotoxic stress. BCR-ABL, in contrast, is largely antiapoptotic and, although it retains the ABL nuclear-localization and nuclearexport sequences, seems unable to enter the nucleus. The main reason the BCR-ABL protein is retained in the cytoplasm is its constitutively activated tyrosine kinase. 78 When the kinase is inhibited in vitro with imatinib and its nuclear export simultaneously blocked with leptomycin B, the oncoprotein enters the nucleus and is trapped there. Interestingly, when imatinib is removed and the now nuclear BCR-ABL is allowed to reactivate its tyrosine kinase, it is converted from an antiapoptotic to a proapoptotic protein and induces, rather than prevents, cell death. It has recently been shown that BCR-ABL also translocates to the nucleus in leukemia cells subjected to genotoxic stress and there slows DNA repair by interaction with effectors of the ataxia telangiectasia-related (ATR) protein, a phenomenon that may underlie the genomic instability of the CML clone. 79 In the late 1980s, accumulating data on the mechanisms of BCR-ABL function set the scene for the design of molecularly targeted therapy. Since the tyrosine kinase is the effector part of the oncoprotein, it was obviously the most attractive target for inhibition. The aim was to design a small chemical compound that could compete with ATP for its binding site in the kinase domain. Whereas the normal binding of ATP allows BCR-ABL to phosphorylate selected tyrosine residues on its substrates, an ATP mimic occupying the binding pocket would not provide any phosphate group for transfer to the substrate. With its tyrosine residues in the unphosphorylated form, the substrate protein would not then undergo the required conformational change to allow it to associate with its downstream effector. The entire chain of downstream reactions would then be impeded, interrupting transmission of the oncogenic signal to the nucleus. During the 1990s, a number of tyrosine kinase inhibitors were purified from natural substances (e.g., herbimycin A and genistein) or designed and synthesized in the laboratory (e.g., tyrphostins). [80] [81] [82] However, by far the most successful inhibitor was imatinib, a small, 2-phenylaminopyrimidine molecule that, at micromolar concentrations, inhibits the kinase activity of all proteins that contain ABL, ABL-related gene (ARG) protein, or platelet-derived growth factor receptor, as well as the KIT receptor. [83] [84] [85] This compound inhibits cellular growth and induces apoptosis in CML, both in vitro and in vivo. [86] [87] [88] The importance of imatinib goes beyond its undoubted therapeutic value in CML. Because it was rationally designed to carry out a predetermined function and proved so successful, other candidate agents for targeted therapy in CML have been rapidly emerging; among them are adaphostin (an ABL tyrphostin), geldanamycin (an inhibitor of the BCR-ABL chaperone heat-shock protein 90), and the farnesyl transferase inhibitors (which prevent activation of RAS and other farnesylated oncoproteins). Each of these could prove clinically valuable if combined with imatinib, even after resistance to imatinib as a single agent has developed. 89-91 Moreover, the combined use of imatinib and leptomycin B in a regimen similar to the experimental one developed by Vigneri and Wang 78 may prove valuable for eliminating residual leukemia cells before The cellular effects of BCR-ABL are exerted through interactions with various proteins that transduce the oncogenic signals responsible for the activation or repression of gene transcription, of mitochondrial processing of apoptotic responses, of cytoskeletal organization, and of the degradation of inhibitory proteins. 77 The key pathways implicated so far are those involving RAS, mitogen-activated protein (MAP) kinases, signal transducers and activators of transcription (STAT), phosphatidylinositol 3-kinase (PI3K), and MYC. Most of the interactions are mediated through tyrosine phosphorylation and require the binding of BCR-ABL to adapter proteins such as growth factor receptor-bound protein 2 (GRB-2), DOK, CRK, CRK-like protein (CRKL), SRC-homology-containing protein (SHC), and casitas-B-lineage lymphoma protein (CBL). As we start to dissect these various interactions, we can now design drugs aimed at disrupting specific branches of these pathways, in an attempt either to kill the CML cell or to cause its phenotype to revert to normal. It is obvious that the best target is BCR-ABL proper, since this is the only protein that is exclusive to the leukemic clone. The second-best approach is to target key downstream effectors of BCR-ABL; however, this approach might, in principle, adversely affect normal hematopoiesis as well. P denotes phosphate.
BCR-ABL
Cytoskeletal proteins autografting, a setting in which imatinib alone is not very effective. 92 A family of SRC tyrosine kinase inhibitors (in particular, PD166326, PD173955, and PD180970) was also recently reported to be active against BCR-ABL and to inhibit the in vitro growth of primary CML progenitor cells. 93 Because of the excitement they have generated, the synthetic signal-transduction inhibitors may, for the present, overshadow other potential antileukemia agents, but the development of drug resistance -already documented for imatinib [94] [95] [96] [97] [98] [99] -should be a reminder of the possible value of combining different molecular approaches. Although traditional oligodeoxynucleotide or ribozyme antisense molecules against BCR-ABL mRNA failed to fulfill their initial promise for the treatment of CML, better sequence design and chemical techniques have recently provided new ideas for the success of this approach, among them a dimeric ribozyme or "maxizyme" 100 and RNA-interference strategies. 101 Equally interesting is the possibility of expressing a single-chain antibody, or "intrabody," against ABL (or possibly BCR-ABL) by retroviral-mediated gene transfer into CML cells. 102 Finally, attempts at immunization with molecularly engineered BCR-ABL fusion peptides or plasmid DNA should be considered a possible adjunct to debulking regimens with signal transduction inhibitors.
The notion that the eradication of leukemia by allogeneic stem-cell transplantation does not depend entirely on the chemotherapy and radiotherapy given during the conditioning phase that precedes stem-cell infusion, but that it relies also on an illdefined graft-versus-leukemia effect, has been generally accepted for some years. 20, 103 The concept that this graft-versus-leukemia effect may be mediated by allogeneic T cells derives support from four somewhat discrete lines of evidence -namely, the observations that the incidence of relapse in leukemia is inversely related to the incidence of GVHD, that relapse is more common after the transplantation of hematopoietic stem cells from syngeneic rather than allogeneic sibling donors, that depletion of T cells from the donor inoculum greatly increases the risk of relapse, and that the infusion of lymphocytes collected from the original donor can restore complete remission in a patient who has had a relapse after allografting, especially in the case of CML. These observations led logically to a search for the target antigen or antigens recognized by the allogeneic T cells.
Almost all the peptide sequences that make up the BCR-ABL protein are also present in the normal ABL or BCR proteins, but the junctional codons and their corresponding amino acids are unique and thus specific to leukemia. There is recent evidence that such leukemia-specific oligopeptides may be presented on the leukemia-cell surface in conjunction with HLA class II molecules. 104 Alternatively, the target antigens for the graft-versus-leukemia effect could be lineage-specific rather than leukemiaspecific. Cytotoxic T lymphocytes that recognize the PR-1 component of proteinase 3 or the Wilms' tumor 1 antigen, both of which are overexpressed in leukemia cells, kill CML cells in vitro but spare control cells from normal persons. 105, 106 Attempts are now being made to immunize patients against their own leukemia. A group at Memorial Sloan-Kettering Cancer Center, in New York, showed that patients with the e14a2 junction may generate cytotoxic T lymphocytes in response to immunization with an e14a2-derived junctional oligopeptide presented in conjunction with HLA molecules and a suitable adjuvant agent. 107 Cytotoxic T lymphocytes directed against known antigens could prove valuable in treating minimal residual disease but may not be so effective in dealing with large quantities of leukemia.
alternatives to transplantation
The options for treating patients with newly diagnosed CML have changed fundamentally since the introduction of imatinib. Until recently, interferon alfa was generally accepted as the best single agent for treating CML in the chronic phase in patients who were not eligible for allogeneic stem-cell transplantation. The drug may cause a wide range of side effects, especially in older persons, but it induces complete or nearly complete cytogenetic responses in 10 to 30 percent of patients and probably prolongs survival to a greater extent than hydroxyurea. 108 A French multicenter study showed that survival among patients treated with the combination of interferon alfa and cytarabine was superior to that among patients treated with interferon alfa alone, 109 but that potentially important observation was not confirmed in a more recent study. 110 Imatinib was first used in 1998 to treat patients graft-versus-leukemia effect treatment options who were judged to have disease refractory to treatment with interferon alfa or who could not tolerate interferon alfa. 84 Imatinib induced complete hematologic responses in more than 95 percent of patients with CML resistant to interferon alfa but still in the chronic phase, and it induced major cytogenetic responses in 40 to 50 percent. 17 Preliminary analyses of the results of treatment in relatively large numbers of patients treated in six countries have shown that event-free survival and overall survival are better than might be expected with alternative therapies. 111 One recent study suggests that patients who achieve good cytogenetic responses live longer than historical control patients. 112 Among patients treated in the accelerated phase of the disease, overall survival and event-free survival appear to be superior to those in historical controls. 113 In contrast, the majority of patients with disease in blastic transformation have a response to imatinib, but these responses are short-lived, and no definite survival benefit can be discerned. 114, 115 The drug can cause nausea, headache, rashes, fluid retention, clinically significant cytopenia, and other side effects, but these problems are generally manageable and seem to be appreciably less troublesome than those associated with interferon alfa. 84 Although data on cytogenetic responses as a surrogate marker of survival suggest that imatinib prolongs the survival of patients treated in the chronic phase of disease, this conclusion must for the present be regarded as unproved. For this reason, the Food and Drug Administration recommended to the manufacturers of the drug that they undertake a multicenter study in which imatinib is compared prospectively with the combination of interferon alfa and cytarabine in previously untreated patients with CML. The study was undertaken, and patients were recruited in 2001. According to a recent interim assessment of the results, the rate of complete cytogenetic response in the imatinib group is 74 percent, 18 and some of those patients have achieved a molecular remission (the absence of detectable BCR-ABL transcripts in the blood). As a consequence, the study has been complicated by the desire of some patients in the interferon alfa-cytarabine group to cross over to the imatinib group. It is hoped, nonetheless, that the trial will show before too long whether treatment with imatinib prolongs the survival of patients with newly diagnosed CML.
Although resistance to imatinib as a single agent seems to be rare in patients treated in the chronic phase of disease, resistance does eventually develop in the majority of patients treated in the advanced phase. The mechanism of this acquired resistance is of great interest. Studies in vitro of resistant cell lines have shown amplification of the BCR-ABL gene in association with overexpression of the oncoprotein. 94 Moreover, in the clinic, a proportion of patients whose disease has become resistant to imatinib have acquired point mutations in the ABL kinase domain that lead to specific amino acid substitutions that could, theoretically, interfere with the binding of imatinib in the kinase pocket 97, 98, [116] [117] [118] [119] [120] [121] [122] (Table 3) . Presumably, these mutations do not prevent the kinase from accepting ATP and thus phosphorylating the substrates that generate the CML phenotype. In a substantial proportion of patients, however, resistance to imatinib is probably not due to BCR-ABL overexpression or mutations in the ABL kinase domain, particularly because some of the point mutations detected do not result in loss of sensitivity to imatinib. 123 In these cases, the resistant phenotype is probably due to the capacity of CML cells to recruit signal-transduction pathways that bypass the block or, as recently demonstrated by in vitro mutagenesis, to point mutations outside the kinase domain. 124
stem-cell transplantation
It is now generally accepted that allogeneic hematopoietic stem-cell transplantation can cure CML in selected patients, 19,125-127 but stem-cell transplantation 19, 127 is still associated with an appreciable risk of complications and death, due principally to GVHD and opportunistic infections. The decision about whether to offer transplantation to a given patient is aided to some degree by knowledge that the factors that influence the risk of transplantationrelated death are now reasonably well defined and include the patient's age, the phase of disease, the duration of disease, the degree of donor-recipient histocompatibility, and the donor's sex. 128, 129 Thus, for example, a young patient with newly diagnosed CML in the chronic phase who has an HLA-identical sibling donor can expect to fare much better after transplantation than an older patient with accelerated-phase disease who has a less well matched, unrelated donor.
The recognition that the graft-versus-leukemia effect 20 plays a major part in the eradication of CML after allografting led to the concept that the toxic effects associated with allografting could be substantially reduced by lowering the overall intensity of the pretransplantation conditioning regimen. This The table collates data from seven independent series of patients who were screened for DNA mutations in the tyrosine kinase-encoding region of BCR-ABL. A total of 114 mutational events were detected in a total of 179 patients (a few of whom had more than 1 mutation in the resistant clone). This indicates that point mutations in the tyrosine kinase domain account for approximately 60 percent of patients in whom no response or loss of response to imatinib is observed in the clinic. Barthe et al. 98 von Bubnoff et al. 116 Branford et al. 121 Hofmann et al. 122 Shah et al. 119 Hochhaus von Bubnoff et al. 116 Shah et al. 119 Branford et al. 121 Hofmann et al. 122 Roche-Lestienne et al. 118 Hochhaus Shah et al. 119 Hochhaus et al. 120 approach involves substantial reductions in the dose of cytotoxic drugs or radiation used in conditioning, with emphasis instead on the use of immunosuppressive agents. At the same time, the number of hematopoietic stem cells and lymphocytes transfused to the patient is maximized to ensure engraftment and an optimal graft-versus-leukemia effect. A wide variety of regimens have been devised for such transplantations, which have been called "nonmyeloablative," "reduced-intensity conditioning transplantation," and "mini-transplantation." [130] [131] [132] By reducing the intensity of conditioning in this way, it may be possible to offer transplantation to patients who would not otherwise be eligible because of older age or the presence of concomitant disease. Some patients who have received this type of treatment have had durable cytogenetic and molecular remissions, 132 but long-term results are still difficult to assess.
strategies for decision making
The questions of whether one should recommend allogeneic stem-cell transplantation to patients with CML in the chronic phase and, if so, to which patients remain challenging. 133 One possible approach is to balance the perceived benefits and risks of transplantation against the likelihood of longterm survival if the best available nontransplantation therapy is used. The results of nontransplantation therapy in a given patient may be predicted in very general terms by reference to scoring systems devised by Sokal and colleagues 134 and subsequently updated by Hasford and colleagues. 135 Because neither the results of transplantation nor the longterm outcome of treatment with imatinib or imatinib-containing combinations can be accurately predicted, one possibility would be to offer patients with newly diagnosed CML a trial of treatment with imatinib and then to offer transplantation to those in whom a complete or nearly complete cytogenetic response has not been achieved by six to nine months, provided that the estimated risk of transplantation-related death is reasonably low (e.g., less than 20 percent); other patients could be offered alternative nontransplantation therapy. 133 The best approach to managing CML in young patients who have a suitable transplant donor may be clearer in one or two years, when we have gained more experience in the use of imatinib.
Although much has been achieved, many important issues pertaining to the biology and treatment of CML remain unresolved. To mention just a few, we know little of the mechanisms that cause the chromosomal rearrangement. We still need to clarify how deregulation of signal transduction by the BCR-ABL oncoprotein leads to the proliferative advantage of the Ph-positive clone. We need a much better understanding of the molecular basis of disease progression. Of tremendous value would be certain identification of the target antigens in the graft-versus-leukemia effect. In therapeutic terms, we need to define as rapidly as possible the true clinical potential of imatinib and to ascertain whether combining this agent with other signal-transduction inhibitors, other cytotoxic drugs, or differentiating agents can improve its efficacy. We need to know whether immunizing patients with CML can prolong their survival or contribute to the eradication of disease. It seems that at least some of these problems will be solved within the next five years.
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future prospects
